T of sulfi de minerals within unsaturated waste rock piles can lead to the development of acid mine drainage (AMD). Th is process relies on the supply of oxygen to sulfi de mineral surfaces within the waste rock pile. Oxygen transport is often a controlling factor in determining the rate of sulfi de oxidation reactions and therefore the extent of the acidity in the drainage water (Cathles and Apps, 1975; Pantelis and Ritchie, 1992; Ritchie, 1994a; Garvie et al., 1997; Lefebvre et al., 2001b) . Oxygen transport processes typically considered when assessing the potential for AMD generation include diff usion, thermally driven convection, barometric pumping, and wind-driven advection. Th e magnitude of the oxygen fl ux associated with each of these mechanisms diff ers (Ritchie, 1994a) . It is important, therefore, to understand the mechanisms and rates of oxygen transport to better discern the controlling factors on sulfi de oxidation and generation of AMD.
Generally, diff usion, resulting from the consumption of oxygen within the waste rock, and convection, resulting from heat generated by the sulfi de oxidation reactions, are considered the main drivers of oxygen transport into the rock piles (e.g., Ritchie, 1994a; Bennett et al., 1995; Lefebvre et al., 2001a,b) . Barometric pressure fl uctuations can result in some enhancement to gas transport in porous media (Massmann and Farrier, 1992; Auer et al., 1996) but this process has not been well studied in waste rock.
Another potential mechanism of oxygen transport is winddriven gas advection. Wind fl ow over a rock pile can induce pressure gradients around the pile, which have the potential to induce air fl ow into and within the pile. Th e extent of winddriven air fl ow inside a waste rock pile is a function of the wind speed, the geometry of the rock pile, and the permeability of the rock pile. Anne and Pantelis (1997) and Ritchie and Miskelly (2000) coupled computational fl uid dynamics (CFD) models, to simulate wind fl ow over a waste rock pile, to the two-dimensional multiphase model FIDHELM to simulate oxygen transport and reactivity within the waste rock pile. Th e simulations showed that wind fl ow could signifi cantly aff ect the transport of oxygen into the waste rock and thereby may infl uence the rate of sulfi de oxidation. Similarly, Moghtaderi et al. (2000) coupled a CFD model to a heat and mass transport model to investigate eff ects of the wind on the thermal regime within coal stockpiles. Th ese authors found that wind-induced gas transport within the stockpile resulted in higher maximum temperatures.
A
: AMD, acid mine drainage; CFD, computational fl uid dynamics; masl, meters above sea level; PVC, polyvinyl chloride.
O R An automated data logging system designed to measure gas pressures within a 15-m-high waste rock test pile was installed at a diamond mine site in the Northwest Territories, Canada. Data collected from 12 Aug. 2007 to 15 Oct. 2007 shows dis nct gas pressure gradients within the waste rock pile. The magnitude of the gradients within the pile shows a clear response to wind speed external to the pile. The direc on of the gradients shows a response to the wind direc on.
The results demonstrate the ability to measure wind-induced gas pressure gradients within a waste rock pile or other similar porous structures. The general pa ern of the observed gradients is inconsistent with the results of numerical modeling assuming homogeneous permeability within the pile. This inconsistency suggests that heterogeneity within the pile and an irregular landscape surrounding the pile aff ect the way in which the wind fl ows around and air fl ows through the rock pile. Calcula ons of O 2 fl uxes using the observed gradients show that wind-induced air fl ow through the pile has the poten al to be a signifi cant mechanism of O 2 transport, similar in magnitude to other mechanism such as diff usion and convec on. These results suggest that wind-driven advec on may be an important process in waste rock piles where the supply of oxygen limits the overall rate of sulfi de oxida on.
Numerical simulations provide valuable insight into the potential for wind-induced gas advection on sulfi de oxidation rates; however, these simulations may fail to capture the heterogeneity of the physical properties of the rock pile, particularly permeability, and the variability in the prevailing wind conditions. Furthermore, the application of numerical models without fi eld observations may result in poorly constrained simulation results and, therefore, uncertain conclusions.
Field investigations on the effects of wind on subsurface air fl ow are sparse. Weeks (1993) used regression analysis to correlate gas discharge from an open borehole in Yucca Mountain to wind speed and wind direction and to temperature-induced density eff ects. Th e results of this study showed that air fl ow through the mountain block was enhanced by the wind and confi rmed that wind-induced air fl ow through large permeable structures can be observed in the fi eld. Other studies have measured subsurface pressure fl uctuations in response to barometric pressure changes to investigate vadose zone properties, particularly air permeability (Weeks, 1978; Neeper, 2002; Wu et al., 2006) . Th ese studies generally measure pressure gradients over large spatial scales (i.e., 10s to 100s of meters). To our knowledge, there is no published study on the measurement of wind-induced gas pressure gradients in the subsurface.
Th is paper describes the installation of a fully automated gas pressure and gas concentration (O 2 and CO 2 ) measuring system in a test-scale waste rock dump at the Diavik Diamond Mine in Canada's Northwest Territories. Th e system measures gas pressure at numerous points within and on the surface of the test pile at frequent intervals (e.g., every minute) to determine spatial and temporal trends in pressure gradients that have the potential to drive advective gas fl uxes. Oxygen and CO 2 concentrations are also measured within the rock pile at daily intervals.
Site Descrip on
Th e Diavik Diamond Mine is located approximately 300 km northeast of Yellowknife, NT, Canada (64°29′ N, 110°18′ W, 440 m above sea level [masl] ). Th ree large-scale experimental waste rock piles were constructed at the Diavik site between September 2004 and July 2007. Full details on the design construction and instrumentation of the test-piles are provided by Smith et al. (2009) . Th e focus of this study is the high sulfi de test pile composed predominantly of granite, pegamtitic granite, and biotite schist. Th is pile is designated the Type III pile, referring to the higher sulfi de content relative to other waste rock material at the site; 0.052 ± 0.035 wt. % S (n = 419). Th e pile is 15 m high, with an upper surface area of 20 by 50 m and side slopes at the angle of repose, approximately at 37.5° (Fig. 1) . Th e pile was constructed by end dumping in a single lift using standard mining equipment off a ramp constructed from low sulfi de waste rock. Th us, the Type III pile is exposed to the atmosphere on three sides.
Instrument lines for measuring gas pressure and gas concentration were installed during the construction of the pile by laying the lines along four separate tip faces 20, 15, 10, and 5 m from the end of the pile, faces 1 through 4, respectively (Fig. 1A) . Th e gas sampling lines consist of bundles of 15 polypropylene tubes of either 3.2 mm (1/8 inch) or 6.4 mm (1/4 inch) o.d. strung through an outer casing of 50-mm (2-inch) fl exible polyvinyl chloride (PVC) conduit. Th e polytubing was terminated through holes drilled into the PVC at 1.3-m intervals so that the sample ports would be at 1-m intervals in term of elevation when laid along the tip face (Fig. 1A) . Gas sampling bundles were installed on each face at 2.5 and 7.5 m off sets on either side of the longitudinal center line (Fig. 1B) . During construction the instrument lines were strung down the tip faces and then covered with approximately 1 m of waste rock using a backhoe to protect the lines. End dumping then continued to the next instrumentation face.
Gas permeability was measured using 76-mm (3-inch)-diam. gas permeability balls installed on Face 1 of the test pile at 3 m and 6 m depths; at 5 m off sets from the center line and on the center line. Th e perforated balls are connected to two lengths of high pressure nylon tubing that run to the surface of the pile. Nitrogen gas is injected into the perforated ball at a known fl ow rate through one line, while the pressure in the ball is monitored through the second line. Given the known fl ow rate and pressure, the permeability of the rock pile can be determined (Hvorslev, 1951; MEND, 1994) .
Conceptual Model
Using the CFD model Nast2d-2.0 (Griebel et al., 1998) , the wind fl ow around a waste rock pile can be visualized. Th e model uses a Reynolds number of 21,000,000 representing a wind speed of ?20 km h −1 over a test-scale waste rock pile of 60 m in width. Th is wind speed is representative of wind velocities regularly observed at the fi eld site. Th e simulations use the standard κ-ε turbulence model (Launder and Spalding, 1974) which has been widely used and validated in many engineering applications; including the simulation of the pressure distribution around a model building (McCaughey and Fletcher, 1993) . Results of the simulations (Fig. 2) show a high pressure zone at the toe of the rock pile on the windward side due to a stagnation point at this location. At the upper edge of the windward side, a low pressure zone develops as wind passes over the crest. Low pressure zones also develop along the upper surface and the leeward side of the pile. Th e magnitude of the pressure diff erentials is in the order of tens of pascals (Fig. 2) .
Th ese pressure diff erentials can potentially induce air fl ow through the rock pile, with the magnitude of the air velocity dependent on the permeability and geometry of the pile. Previous simulations indicate that the highest air fl ow should be observed in the batters of the pile, with less fl ow through the middle of the pile, especially as the width and height of the pile increases (Anne and Pantelis, 1997; Ritchie and Miskelly, 2000) . Th is pattern is demonstrated by air fl ow simulation through the pile using the numerical model Hydrogeosphere (Fig. 3; Th errien and Sudicky, 1996) . Th e model was run using fl uid properties representing the density and viscosity of air at 0°C and with boundary conditions at the surface of the rock pile given by the results of the Nast2d-2.0 simulations. A permeability value of 1 × 10 −9 m 2 and a porosity of 0.25 were used for the simulations. Th is permeability value is average for the Diavik waste rock piles but on the high end of the range observed at other waste rock piles (Ritchie, 1994b) . Reynolds numbers calculated assuming mean grain diameters up to 40 mm to represent the coarsegrained materials in the waste rock pile, and velocities of up to 1 × 10 −3 m s −1 (see Fig. 3 ), are less than 3, indicating that simulations using a laminar fl ow model are appropriate (Rossabi, 2006) . Note that the wind-induced pressure gradients on the surface of the pile create air fl ow from both sides of the pile. Th is pattern is consistent with simulations conducted by Anne and Pantelis (1997) . Th e calculations suggest the bulk of the fl ow is through the batters of the pile; however, air fl ow is induced throughout the pile. Th e reference velocity vector shown in Fig. 3 represents 86 m d −1 , indicating that the induced air fl ow is signifi cant. Th is conceptualization of air fl ow through the pile, however; assumes the pile is homogeneous and does not account for variation in the permeability of the rock throughout the pile, and especially preferential sorting associated with construction by end dumping. Furthermore, the conceptual model for both wind fl ow around the pile, and air fl ow through the pile assumes a constant wind speed and wind direction. However, both wind speed and wind direction vary dramatically over very short time scales. Nonetheless, this general conceptual model provides a simplifi ed but reasonable representation of the system on which to base further discussion.
System Design and Opera on
A data-logging system was designed to measure gas pressure and O 2 /CO 2 concentrations at 44 points around and within the Type III test-scale waste rock pile. Th e system consists of a Campbell Scientifi c (Edmonton, AB, Canada) CR1000 datalogger, three Campbell Scientifi c SDM-CD16AC 16 Channel Control Port Modules, three Modus Series T 50 Pa diff erential pressure transducers (G.E. Sensing, Billerica, MA), a Quantek Instruments (Grafton, MA,) Model 902 O 2 /CO 2 analyzer, an RM Young (Traverse City, MI) barometric pressure sensor and a series of two-and three-way solenoid valves (Fig. 4) . Th e differential pressure transducers have a range from −50 to +50 Pa with an accuracy of 1 Pa. Th e system is controlled by the datalogger, which records outputs from the pressure sensors and O 2 /CO 2 meter and also controls the solenoid valve operation and the pump on the O 2 / CO 2 meter through the control module. Th e control module is a series of addressable relay switches that facilitates the control of external devices using the datalogger. Th e two-way solenoid valves act as shut-off valves to the individual sampling tubes. Th ese valves are used to direct gas pressure and fl ow to the pressure and concentration measurement instruments. Th e three-way solenoid valves are used to divert gas pressure and fl ow to either the pressure sensors or the O 2 /CO 2 meter.
The system is set up with three banks of two-way solenoid valves, each controlled by a separate control module and connected to a diff erent pressure sensor. In this manner ,three sampling ports can be measured for pressure at the same time, allowing for frequent measurements. Frequent measurements are required to average out dramatic pressure variations induced by erratic wind changes. In pressure sampling mode, the three-way solenoid valves are directed to the diff erential pressure sensors and one two-way valve on each bank is opened, allowing pressure measurement to be taken at that particular sample port after a specifi ed stabilization time. Th e system continuously cycles through the sampling ports until the CO 2 /O 2 measurement cycle is called. A 4-s stabilization time was empirically determined to be suffi cient to allow the pressure sensors to stabilize, allowing the system to cycle through each bank once a minute.
Th e data-logging system including all valves and sensors is set up inside an enclosure on top of the pile (Fig. 1B) , and 6.4-mm (1/4-inch) o.d. polytubing is run from the valves within the enclosure to the gas sampling ports within the pile. In addition, pressure sampling ports on the surface of the pile were installed by running 6.4 mm (1/4-inch) o.d. polytubing from the valves within the enclosure to locations on the top surface and on the slopes of the pile. Th e reference ends of the pressure sensors and the barometric pressure sensor are connected to identical tubing and run to a central location on the top of the pile (Face 1, −2.5 m off set, Fig. 1B ), so that all diff erential pressure measurements are taken with respect to one central point. In addition, a zero reading for each pressure sensor is obtained by connecting one valve on each bank through the same polyethylene tubing to the reference location. Referencing all the pressure readings, zero readings and barometric pressure sensor to the same location allows the pressure readings from diff erent sensors to be compared easily.
For the CO 2 /O 2 cycle, one threeway valve at a time diverts the fl ow from one bank of two-way valves toward the gas meter, one two-way valve is opened, and the pump on the CO 2 /O 2 is turned on for 3 min to suffi ciently purge the tubing. After the pump is turned off and a stabilization time of 1 min elapses, the CO 2 and O 2 reading are taken. Th e system cycles through each of the sample ports and then switches to the other banks of twoway valves.
Results
As of November 2008, the CO 2 and O 2 readings within the pile were at atmospheric concentrations and therefore showed no distinct trends. Although water draining from the test pile indicates sulfi de oxidation is occurring, the rates are low and no thermal eff ects due to oxidation have yet been detected.
Permeability measurements were taken in October 2006 and June 2007. Values ranged from 2 × 10 −10 to 3 × 10 −9 m 2 with an average of 1.4 × 10 −9 m 2 .
Pressure Data
All pressure data are presented after smoothing on a 60-point moving average basis. Th is method maintains the short-term trends in the data but removes the inherent noise brought on by rapid fl uctuations in wind speed and direction. Data in this report are presented as diff erential pressure, that is, the pressure diff erence between the measurement point and the reference point on the top of the pile.
Data Quality
Th e data-logging system described above was installed at the Diavik site in June 2007. Because of diffi culties with ice accumulating in the sampling lines over the winter, much of the earlier data, into July and August 2007, was discarded due to extremely erratic fl uctuations in the pressure data. Due to the sensitivity of the pressure sensors, any blockage in the sampling line was readily apparent as erratic sensor readings. Furthermore, in late October, as the temperature dropped below zero and snow began to accumulate, the pressure data became highly erratic, probably due to the eff ects of snow and ice on the sample tubing on top of the pile. As a result, here we present data from 12 Aug. 2007 to 15 Oct. 2007 .
A sample of the pressure data collected for several points throughout the pile, surface points on top of the pile, and surface points on the slopes of the piles, plotted against time, is shown in Fig. 5 , along with wind speed and wind direction for the same time period. Th e data show a clear response in the measured diff erential pressures for all the sampling ports that corresponds to changes in the wind speed. However, given the experimental setup, it is possible that the response in the diff erential pressure readings is due to the eff ect of wind on the tubing connecting the sampling ports to the valve system, or possibly the eff ect of wind on the open ends of the reference tubing. Inspection of the data suggests that the majority of the diff erential pressure response was due to the eff ect of wind on the tubing. Particularly, the similarity of the pressure response in many sampling ports at various locations throughout and around the pile is cause for concern.
Despite these concerns, meaningful results can be retrieved from the data, particularly for those sampling points within the pile. Close inspection of Fig. 5 shows that although many of the sampling ports show a similar response to the wind events, there are small diff erences in the responses, which apparently are due to pressure gradients within the pile. Although the larger-scale wind eff ect on the tubing prevents recording meaningful absolute pressures, the diff erences in the responses between the sampling ports can be used to obtain relative pressures and determine the direction and magnitude of the pressure gradients within the pile. Because the sampling points within the pile are referenced to the same location and have similar tubing lengths, the "tubing eff ect" pressure responses should be similar. For the sampling points on the top surface and slopes of the pile, which have an additional open end and various tubing lengths, the tubing eff ect is more variable between the points and makes the data more diffi cult to interpret.
Spa al Profi les
To demonstrate the eff ect of the wind from various directions on the measured pressure gradients within the test pile, Fig.  6 shows two-dimensional cross-sections at four selected times with relatively high wind velocities, that is, above 30 km h −1 . Th ese four plots are representative pressure distributions within the pile with the wind blowing from the north, south, east, and west, Fig. 6 , panels A to D, respectively. Th e contours include all of the available data points to aid in visualization; however, this discussion focuses on the pressure readings within the pile, as these points are the data with the greatest level of certainty.
With the wind blowing at 34 km h −1 from the north (Fig.  6A) , there is a distinct pressure gradient from north to south within the pile. Diff erential pressures go from a maximum of 27.5 Pa on the northernmost transect (31N2, 12 m depth), to 24.5 Pa on the 31S2 transect (6 m depth), to 19.8 Pa on the southernmost transect (31S7, 10 m depth). Vertically, the highest pressures appear to be in the middle portion of the transects with lower pressures at the top and bottom of the transects, although there is an exception to this at 31N2, 8 m depth.
With a wind from the south at 36 km h −1 (Fig. 6B) , the pressure gradient within the pile is predominantly from south to north. Maximum diff erential pressures on each transect range from 30.7 Pa on the southernmost transect (31S7, 2 m depth), to 25.3 Pa at 31S2, 10 m depth, to 23.0 Pa on the northernmost transect (31N2, 14 m depth). As would be expected, this is opposite to the gradient with a north wind. Gradients in the vertical direction are less obvious in this profi le. Figure 6C shows a two-dimensional east-to-west profi le of the measured data with the wind from the east at 32 km h −1 . Here the pressure gradients within the pile are much less pronounced than with the wind from other directions. Th is diff erence is a result of the geometry of the pile construction. Th e test pile was built by dumping off a ramp from the east side so that the east face is not exposed. As a result, there are no obstacles in the path Wind data are collected every 10 min and presented as raw data. The x axis is in Julian days for the year 2007, corresponding to the me period 3-7 October. Labeling conven on is as follows. 31N2−12: Type "3" pile, face "1," off set "N" (north) of centerline, "2" = 2.5 m off set (7 = 7.5 m off set), "−12" = 12 m deep, ver cally from top of pile. For panel D, 3NS and 3SS stand for Type 3 pile-"North Slope" and "South Slope," respec vely.
of the wind from the east, and the resulting pressure gradients are lower in magnitude.
Wind from the west at 36 km h −1 produces a pressure gradient from west to east (Fig. 6D) . Maximum diff erential pressures along each transect range from 37.9 Pa on the westernmost transect (34S2, 12 m depth) to 20.4 Pa on the easternmost transect (31S2, 10 m depth). Th e westerly winds also appear to induce a vertical pressure gradient in the westernmost sampling transect with diff erential pressures ranging from 37.9 Pa at the lowermost point and 29.9 Pa at the uppermost point. Vertical gradients along the other transects are less apparent.
Pressure Gradients
Instantaneous spatial representations of the observed diff erential pressures in the pile provide a graphic illustration of the eff ects of the wind on the pressure gradients in the pile; however, to determine the signifi cance of these eff ects, more detailed analysis is needed. Specifi cally, the magnitude of the gradients over space and time must be determined. Figure 7 shows scatterplots of wind speed and wind direction against pressure gradients in the pile. Pressure gradients are taken as the diff erence between the diff erential pressures at two selected points over the distance between those points. Note that pressure gradients in the pile are a function of both wind direction, as demonstrated above, and wind speed. Constant variation in these two parameters produces a signifi cant amount of variation in the observed pressure gradients (Fig. 7) . Despite this variability in the data, defi nite trends are observed.
For the x direction (east to west), the pressure gradient is determined between points 34S2-12 and 31S2-10 ( Fig. 7 A and  B) . A positive result indicates a pressure gradient toward the east. In general, the pressure gradients in the pile are toward the west (negative ΔP) with a maximum intensity of approximately 1 Pa m −1 (Fig. 7A ). However, with the wind from the west (?270 ± 45 deg), the pressure gradient reverses and becomes eastward with a maximum intensity of approximately 0.5 Pa m −1 (Fig.  7A) . Th e wind speed plot (Fig. 7B) shows that wind speeds of approximately 20 km h −1 can produce westerly (negative ΔP) pressure gradients of 1 Pa m −1 . However, easterly (positive ΔP) pressure gradients rarely reach 1 Pa m −1 , and generally only when the wind speed exceeds 30 km h −1 .
Pressure gradients in the y direction (north to south) are determined between points 31N2-12 and 31S7-10. A positive result indicates a pressure gradient toward the south. Figure 7C shows that with the wind generally from the south (?100-300 deg), the pressure gradients are toward the north (negative ΔP), while with the wind from the north (0-100 deg and 300-360 deg) the pressure gradients within the pile are toward the south. Th e observed pressure gradients are up to 1 Pa m −1 with the gradient toward the south, but pressure gradients rarely exceed 0.5 Pa m −1 toward the north. Wind speeds of ~20 km h −1 produce maximum pressure gradients of ~0.5 Pa m −1 and wind speeds of greater than 30 km h −1 are required to produce gradients of 1 Pa m −1 (Fig. 7D ). It appears, therefore, that southerly pressure gradients are higher than the northerly gradients with the same wind speed.
In the z direction (vertically) pressure gradients are taken along face 4, between points 34S2-12 and 34S2-4. A positive result indicates an upward pressure gradient. Vertical pressure gradients (Fig. 7C) are less apparent than the horizontal gradients ( Fig. 7A and C) , with maximum gradients much less than 0.5 Pa m −1 . However, there does appear to be a tendency for upward (positive ΔP) gradients with the wind from the east (~90 deg) and west (~270 deg) and a downward gradient with the wind F . 6. Two-dimensional spa al profi les of diff eren al pressure within and around the test-scale waste rock pile along with the prevailing wind condi ons at four mes with wind from the (A) north, (B) south, (C) east, and (D) west. Numbers on the contour plots represent measured data points. Two-dimensional contours are obtained from three-dimensional kriging of all available data points. Panels A and B show data and contours along face 1 of the pile, that is, at a 65-degree slope (see Fig. 1 ). Radial diagrams show wind direc on in degrees plus wind speed along the radius in kilometers per hour.
from the south (180 deg). In most cases, wind speeds less than 40 km h −1 do not produce vertical pressure gradients in excess of 0.5 Pa m −1 (Fig. 7D ).
Discussion

Comparison of Conceptual Model and Observed Data
Th e conceptual model presented in Fig. 3 indicates an air fl ow pattern through the pile that is qualitatively inconsistent with the fi eld observations. Most notably, the conceptual model shows inward wind fl ow from both sides of the rock pile as wind fl ow over the pile induces pressure gradients from both slopes toward the upper windward crest of the pile. Th e fi eld data, however, indicate that pressure gradients are through the pile in the north-south direction (see Fig. 6 and related discussion). In addition, the conceptual model suggests that with a wind speed of 20 km h −1 , the pressure gradient within the windward slope of the pile is greater than 1.5 Pa m −1 (Fig. 3) , whereas the observed gradient along transect 34S2 is at a maximum of ?0.25 Pa m −1 with wind speeds of 20 km h −1 (Fig. 7F) .
Both of these discrepancies suggest that the horizontal component of air fl ow is more signifi cant than predicted by the conceptual model, which predicts predominantly vertical fl ow, particularly through the batters of the test pile (see "Conceptual Model" above). A likely control on the air fl ow through the pile is the permeability distribution within the pile, which is a function of the physical structure of the pile. Previous studies have shown structural variations in waste rock piles that are attributed to pile construction. Th ese include gravitational sorting due to end-dumping used to deposit the waste rock, and horizontal low permeability layers due to compaction from heavy vehicle traffi c (Azam et al., 2007; Anterrieu et al., 2007) . Other studies have shown that the physical and chemical properties vary signifi cantly between diff erent piles (Lefebvre et al., 2001a) . Th e waste rock pile studied here was constructed in a single lift so that only the top surface was exposed to heavy vehicle traffi c. Ring infi ltrometer tests determined permeability on the order of 10 −12 m 2 , approximately three orders of magnitude less than the bulk permeability measured within the pile (Neuner, 2009) . Th is structural feature may be contributing to the observed preferential fl ow in the horizontal direction. However, the spatial extent of the low-permeability skin has not been determined, and furthermore, the internal structure of the Diavik pile has not been well documented to this point. Although the structural features of the waste rock pile studied here appear to enhance horizontal fl ow through the pile, this cannot be taken as a general comment on waste rock piles in general. As a result of varying pile construction methods, and variation in waste rock materials and grain-size distribution, the degree of heterogeneity and predominance of structural features will be diff erent from pile to pile.
In addition to the eff ects of heterogeneity within the pile, the irregular landscape around the test-scale pile likely contributes to the inconsistency between the conceptual model and the fi eld observations. Th e model results presented above assume that the rock pile is the only obstacle in the path of the wind, whereas the landscape around the test-scale pile is very irregular with many obstacles of similar size to the test pile. Th e diff erences in topography may explain why winds from the north produce north-south pressure gradients close to 1 Pa m −1 whereas south winds generally only produce north-south pressure gradients less than 0.5 Pa m −1 (Fig. 7C) . However, the data shown represent a 2-mo period and may be biased by specifi c weather events and wind direction/speed combinations.
Signifi cance of Observed Gradients
Given that the observed pressure gradients regularly reach 0.5 Pa m −1 , air fl ow through and O 2 transport into the test pile can be calculated. For the purpose of demonstrating the potential for O 2 transport, we used a permeability value of 1 × 10 −9 m 2 , which is a typical value for the Diavik site but at the higher end of the observed range for waste rock piles in general (Ritchie, 1994b) . However, the permeability measurements at the Diavik site are taken at 3 and 6 m depth in the pile and may not represent the full range of permeability if vertical sorting is a signifi cant factor. Th ese parameters, along with the density (1.225 kg m −3 ) and viscosity (1.74 × 10 −5 kg m −1 s −1 ) of air at 0°C and the elevation at the Diavik site (~452 masl), give gas specifi c discharge rates of 2.9 × 10 −5 m s −1 and O 2 transport rates of 7.7 × 10 −6 kg O 2 m −2 s −1 , assuming an O 2 fraction of 0.21 in air.
To assess the signifi cance of the O 2 transport rates calculated for wind-driven advection, we compare them to diff usion and convection-driven transport rates calculated based on typical dump parameters as given by Ritchie (1994a) . For diff usion-driven transport, if it is assumed that the intrinsic sulfi de oxidation rate is very high and sulfi de oxidation rates are controlled by O 2 transport, F . 7. Sca er plots of wind direc on and wind speed versus pressure gradients (ΔP) in the test pile in the (A and B) x direc on, (C and D) y direc on, and (E and F) z direc on. Pressure gradients (Pa m −1 ) in the various direc ons are calculated as the pressure diff erence/distance between the sampling ports x: 34S2-12 and 31S2-10, y: 31N2-12 and 31S7-10, z: 34S2-12 and 34S2-4. Posi ve pressures refer to a gradient in the x, easterly direc on; y, southerly direc on; z, upward. Each data point represents the wind speed and wind direc on reading taken at 10-min intervals along with the corresponding averaged pressure gradient taken at the same me. then the gas transport and sulfi de oxidation rates can be readily calculated. For a 5-yr-old dump with typical parameters (height = 25 m; area = 25 ha; pyrite content = 2% by wt; O 2 diff usion coeffi cient = 5 × 10 −6 m 2 s −1 ; O 2 fraction in air = 0.21), the calculated oxygen fl ux into the dump at the surface is 4.3 × 10 −7 kg O 2 m −2 s −1 . For convection-driven transport, assuming a 50 to 60°C temperature rise, a reasonable temperature increase for waste rock dumps (Harries and Ritchie, 1981; Lefebvre et al., 1992) , and a permeability of 1 × 10 −9 m s −1 , convection-driven gas specifi c discharge rates are about 5 × 10 −5 m s −1 , corresponding to an O 2 fl ux of 1.3 × 10 −5 kg O 2 m −2 s −1 (Ritchie, 1994a) . Th e oxygen fl ux calculated for convection-driven transport is much higher than diff usive transport; however, convection-driven transport in larger dumps is not uniform across the dump (Ritchie, 1994a) . Th e rate of O 2 transport through wind-driven advection calculated above, based on a pressure gradient of 0.5 Pa m −1 and the properties of the test-scale waste rock pile, is similar in magnitude to rates calculated for the diff usion and convection-driven scenarios presented. Th is suggests that wind-driven advection has the potential to be an important O 2 transport mechanism; however, the overall impact will depend on the speed and direction of the wind along with the frequency and persistence of signifi cant wind events. Note that the pressure gradients induced by the wind are also dependent on the size and shape of the rock pile.
Th e observed pressure gradients in the test-scale waste rock pile appear to respond to wind speed variations around the pile (Fig. 6 and 7) . However, this does not preclude the possibility that thermal gradients within the pile are also contributing to pressure gradients. Th e thermal regime within the pile is currently under study (Sego et al., 2008) . Temperature measurements within the pile primarily show a response to variation in the external temperature and do not show eff ects of increase temperature due to sulfide oxidation. The relatively mild temperature gradients are not expected to induce signifi cant pressure gradients. Th is inference is supported by the pressure data, which show low pressure gradients (i.e., <0.2 Pa m −1 ) with the wind speed below 10 km h −1 . If thermally induced pressure gradients were signifi cant, a bias in the pressure data at low wind speeds should be detectable.
Th e extent of wind-driven O 2 transport is dependent on both the direction and speed of the wind. A count of wind speed frequency over time (Fig. 8A) indicates that 44% of the time, the wind speed exceeds 20 km h −1 and 87% of the time the wind speed exceeds 10 km h −1 . It is not clear that the eff ects of the wind on pressure gradients in the pile are linear; however, inspection of Fig. 7B , D, and F would suggest that with a wind of 10 km h −1 pressure gradients can reach 0.5 Pa m −1 and are often above 0.25 Pa m −1 , indicating that air fl ow and O 2 transport through the pile could be signifi cant, that is > 4 × 10 −6 kg O 2 m −2 s −1 , a large portion of the time.
Th e extent of this phenomenon is also dependent on the wind direction. Figure 8B shows the frequency distribution of wind direction and indicates that over the study period, the predominant wind direction was from the east (?60-145 deg) with a secondary predominance from the north (?335-10 deg). Th e peak of wind distribution from the east represents approximately 40% of the time period while the northern peak represents approximately 15% of the time. Winds from the east and from the north tend to induce pressure gradients toward the west (Fig.   7A ). Th ese pressure gradients can be signifi cant, that is, >0.5 Pa m −1 over the dominant ranges of wind direction (60-145 deg and 335-10 deg). Similarly, in the north-south direction a northern wind can create signifi cant pressure gradients toward the south, while with wind in the range 60 to 145 deg pressure gradients within the pile can be toward either the north or south, but in both case the gradients can be signifi cant (Fig. 7C) . Within the time frame investigated, there does not appear to be a strong correlation between wind speed and wind direction (Fig. 8C) .
Th e analysis presented above is based on the data collected during a 2-mo period from 12 Aug. to 15 Oct. 2007 and indicates that during this period, the predominant wind conditions could result in a signifi cant wind-driven oxygen transport. However, the eff ects of wind-driven oxygen transport on a yearly or longer-term periods will be dependent on changes in the prevailing conditions. Historical data from 1971 to 2000 from Yellowknife, NT (62°27′ N, 114°26′ W, 206 masl) show that average wind speed F . 8. Bar charts of the frequency of (A) wind speed and (B) wind direc on over the study period. Count refers to the number of me a par cular wind speed or direc on was observed during the study period. Wind measurements were taken every 10 min and rounded to the nearest kilometer per hour or degree. (C) Sca erplot of wind speed versus wind direc on.
is relatively constant throughout the year. Monthly averages range from 12.2 to 15.7 km h −1 (Environment Canada, 2009) . Similarly, the Kugluktuk, NU (67°49′ N 115°08′ W 23 masl), and Lady Franklin Point, NU (68°30′ N 113°13′ W 16 masl), weather stations, to the north of Diavik, show historical monthly average wind speeds ranging from 13.4 to 19 km h −1 and 18.7 to 22.3 km h −1 , respectively (Environment Canada, 2009) . Although these weather stations are between 300 and 450 km away from Diavik, the data indicate that monthly average wind speed is relatively constant in the region and suggest that the data presented above for the Diavik site are representative conditions.
Conclusions
Th is study measured gas-phase pressure gradients within a waste rock pile and quantifi ed the eff ects of the wind on subsurface gas transport. Despite some of the diffi culties encountered in data collection, it has been shown that pressure gradients within the pile can be measured. Th ese gradients are correlated to wind direction and wind speed. Given the relatively small spatial scales, 15 to 60 m, small pressure gradients (<1.0 Pa m −1 ), and the high temporal variability in these gradients, demonstrating the ability to measure these gradients is an important step toward a more rigorous investigation of the eff ects of the wind on O 2 transport and sulfi de oxidation rates in waste rock piles. An important aspect of this work was the frequency of the pressure measurements, which allowed very small-scale temporal variability to be averaged out and meaningful trends discerned. Furthermore, given that observed temperature-induced pressure gradients in waste rock piles are of similar magnitude (Ritchie, 1994a) , the potential exists to investigate those systems in more detail with a similar measurement system. Again, it is recognized that improvements are needed to the data collection system to obtain more reliable data in terms of (i) obtaining absolute pressure readings that can be used to correlate external and internal pressure readings and (ii) collecting data throughout the year so that the eff ects of the wind over a longer timescale can be determined. Th is includes the eff ects of snow cover on the piles through the winter.
Th e pressure gradients observed within the Diavik test-scale waste rock pile do not conform to the pressure gradients predicted by the numerical simulation of wind fl ow over the pile using the CFD model NAST2D-2.0 (Griebel et al., 1998) and the air fl ow within the pile using the hydrological model Hydrogeosphere (Th errien and Sudicky, 1996) . Th ese discrepancies are most likely a result of physical heterogeneity within the pile and irregular landscape surrounding the pile.
Calculations using typical observed pressure gradients show that for the Diavik test piles, the potential air fl ow and O 2 fl ux is of similar magnitude to diff usive O 2 fl uxes and temperature induced convective fl uxes observed at other waste rock piles. Furthermore, it has been shown that the wind speed is often high enough to induce pressure gradients that are suffi cient to sustain signifi cant O 2 fl uxes. Future work will assess the temporal distribution of the magnitude and direction of these pressure gradients to determine the impact of this phenomenon on sulfi de oxidation rates.
Full-scale waste rock piles are generally much larger in scale both vertically and, more signifi cantly, in the horizontal direction than the test-scale pile studied here. Although the results from this study may not be directly applicable to much larger piles, it is important to fi rst thoroughly understand the eff ects of the wind on the scale of the test piles, which can be easily and systematically studied, so that the underlying principles and constraints can be determined.
